Spatially resolved three-dimensional rotational Raman spectroscopy of ground state nitrogen was used to measure the gas temperature ͑T g ͒ in a normal dc glow microdischarge ͑300 m gap between 0.5ϫ 0.05 mm 2 parallel electrodes͒ in pure N 2 . An original backscattering confocal optical system with a spatial resolution of ϳ40 m was developed for collecting Raman spectra. Gas temperatures were measured at several points across the gap as well as along the axis perpendicular to the discharge plane. T g peaked near the cathode and was 1200 K in the negative glow of a 500 Torr, 20 mA discharge.
High pressure nonequilibrium microdischarges have attracted much research in the past several years. [1] [2] [3] [4] [5] [6] [7] [8] Due to their unique combination of small dimensions ͑ϳ100 s of micrometers͒, atmospheric pressure operation, and high power densities ͑10-100 kW/ cm 3 ͒, microdischarges find applications for excimer sources, sensors, plasma display panel cells, ozone sources, surface treatment, and biomedical processes. [3] [4] [5] Although these discharges operate in a glow ͑and not arc͒ mode, they can also be unstable and unpredictable. Thus, it is essential to measure and control basic plasma parameters. Unfortunately, the small size and high pressure preclude application of conventional diagnostics such as Langmuir probes and microwave interferometry.
This work introduces the application of Raman scattering for spatially resolved three-dimensional ͑3D͒ measurements of gas temperature ͑T g ͒ in nitrogen atmospheric pressure microdischarges. Gas temperature is an important parameter for microdischarges, since high power densities can result in considerable neutral gas heating with a concomitant reduction of the gas number density ͑N͒. This in turn affects the reduced electric field ͑E / N͒ in the plasma, and correspondingly all plasma parameters depending on E / N.
A schematic diagram of the experimental apparatus is presented in Fig. 1 . A normal dc glow discharge in N 2 was ignited between two parallel molybdenum electrodes ͑gap between the electrodes d = 300 m, electrode surface area 5 ϫ 0.5 mm 2 ͒. The discharge was operated at typical voltages of 360-400 V between the electrodes at currents of 5 -30 mA. The chamber containing the microdischarge was evacuated, purged with N 2 , and then sealed off at pressures of 400-700 Torr ͑i.e., no N 2 flowed during experiments͒. The microdischarge was mounted on a holder that was connected to an x-y-z linear stage ͑Newport, MFA Series͒. This arrangement allowed the discharge to be precisely moved with respect to the stationary laser beam and light collection optics, so that 3D spatially resolved measurements could be carried out.
The pulsed, frequency doubled Nd:YLF laser ͑Photonics Ind., DS10-527͒ had a wavelength of 526.5 nm, a spectral linewidth of 0.05 nm ͓full width at half maximum, ͑FWHM͔͒, a pulse frequency of 3 kHz, a pulse duration of 100 ns, and an average power of 6 W. The laser beam was condensed with two lenses and guided into a periscope, which consisted of a Brewster's angle window, a right angle prism, and a 3 mm diameter, 15 mm focal length lens that focused the beam into the microdischarge. The cross section of the focused laser beam was close to a ϳ40 m FWHM Gaussian function. After passing between the electrodes, the laser beam was absorbed in a beam dump.
In most laser scattering experiments, light is detected at an angle of = 90°with respect to the laser beam axis. [9] [10] [11] [12] In a slot-type microdischarge with a long, deep, and narrow gap, 8 the axis perpendicular to the discharge plane ͑z axis, Fig. 4͒ is the only direction appropriate for a tightly focused laser beam. The same direction is also preferable for scattered light detection, since it provides the largest solid collection angle. Therefore, a backscattering geometry ͑i.e., = 180°͒ is more appropriate in such cases. This confocal arrangement is widely used in Raman microprobe measurements and in high-resolution optical microscopy. 13 In these cases, the laser beam and detected scattered light pass through the same lens, and the signal ͑at a sufficiently shifted wavelength͒ is split from scattered laser light with dichroic mirrors. In the present work, the extremely bright scattered light that would result from passing the laser beam through the collection lens, combined with the need to detect light very close to the laser wavelength, prevented use of the single lens arrangement. Consequently, the dual lens system depicted in Fig. 1 was used, with the laser passing through the small lens at the end of the periscope inside the chamber. Therefore, the laser beam did not pass through the objective lens and window used to view Raman scattering, minimizing background from scattering of the beam. The thin walls surrounding the small lens and prism minimized the light eclipsed by the end of the periscope, allowing 60% of the backscattered signal ͑that would be detected if the periscope could be removed͒ to be collected.
Scattered light was collected by two lenses and focused on a 100 m diameter pinhole spatial filter with 4ϫ magnification ͑Fig. 1͒. The transmitted light was then focused by a third lens ͑with 2ϫ demagnification͒ onto the 100 m entrance slit of the triple grating spectrometer ͑TGS͒. A detailed description of the TGS can be found in Refs. 10 and 11 Three flat holographic gratings ͑1200 grooves/ mm͒ and six 20 cm focal length lenses were used, providing a dispersion of 3.5 nm/ mm. The first grating dispersed the light, and the second grating recombined the dispersed light. A spatial filter at the focal plane between the two gratings blocked the laser wavelength. Different combinations of spatial filters and entrance slits were evaluated for rejecting scattered laser light, while maintaining an adequate portion of the Raman spectrum with sufficient resolution. The optimum performance was found to be a 100 m slit width and a 750 m wide spatial filter. With the laser scattered light reduced by a factor ϳ10 4 , the third grating dispersed the light over 10.9 pixels/ nm on an intensified charge-coupled device ͑ICCD, Princeton Instruments model PI-MAX͒. The ICCD was gated on for 300 ns, synchronized with the laser pulse, to reject most of the background emission from the plasma.
Spectra accumulated over typically 100 s ͑3 ϫ 10 5 laser pulses͒ were recorded on a computer and processed by a program that implemented a nonlinear least squares fit to the experimental data. The synthetic spectra were a convolution of the theoretical Raman spectrum ͑100 rotational levels of N 2 were accounted for͒ with the measured apparatus function. 10, 14 Since the laser linewidth is much smaller than the TGS resolution ͑0.35 nm FWHM with a 100 m entrance slit width͒, the apparatus function is mainly represented by a 0.35 nm FWHM Gaussian function. By observing the laser line ͑without the spatial filter͒, it was found that a second, broad Gaussian function ͑2.7 nm FWHM͒ was also required to account for a relatively small background, perhaps from scattering off the optics or the face of the ICCD. Figure 2 presents typical net ͑with the background subtracted͒ spectra recorded with the plasma on ͑top͒ and off ͑bottom͒. The gas temperature was determined from the best synthetic fit to the observed spectrum, with T g as the adjustable parameter. The background-dominated region close to the laser wavelength was excluded from the fit. The net spectrum with the plasma off was fit first to obtain the proportionality constant relating the measured signal intensity to the relative computed intensity. This also confirmed that the model correctly predicted the gas temperature which, with the plasma off, was the ambient temperature. The same proportionality constant was then used to fit spectra recorded with the plasma on. The good fit to the observed plasma-on spectrum showed that N 2 was the dominant species with a number density that varied as 1 / T g at constant pressure, as expected.
Using this approach, spatially resolved T g profiles of N 2 dc microdischarges were obtained. An example of measurements along the axis perpendicular to the discharge plane ͑z axis͒ is presented in Fig. 3 ͑left͒. Measurements across the gap ͑x axis, see Fig. 4͒ are given in Fig. 3 ͑right͒. As expected, T g drastically increases in the region between the electrodes, where the plasma was sustained and power dissipation occurs ͑Fig. 3, left͒. The difference in T g above and below the plasma may be due to the metal holder which, acting as a heat sink, can cool the gas below the discharge. The data in Fig. 3 ͑right͒, collected above the plasma region ͑z = 0.8 mm͒, are typical for dc discharges. 8 Since power is mainly dissipated in the cathode region ͑due to the high electric field in that region͒ T g near the cathode is higher than the rest of the microdischarge.
In summary, Raman scattering was employed for spatially resolved three-dimensional measurements of gas temperature in nitrogen dc glow microdischarges. An original confocal microscope arrangement allowed a spatial resolution of ϳ40 m. Scattered radiation was observed using a backscattering geometry. The measured spatial temperature profiles reflect the basic features of dc microdischarges. For a 500 Torr, 20 mA microdischarge, the gas temperature T g peaked at ϳ1200 K in the negative glow of the microdischarge. Scans across the discharge gap revealed that T g was highest near the cathode.
